Context. HD 72946 is a bright and nearby solar-type star hosting a low-mass companion at long period (P ∼ 16 yr) detected with the radial velocity (RV) method. The companion has a minimum mass of 60.4±2.2 M J and might be a brown dwarf. Its expected semi-major axis of ∼243 mas makes it a suitable target for further characterization with high-contrast imaging, in particular to measure its inclination, mass, and spectrum and thus definitely establish its substellar nature. Aims. We aim to further characterize the orbit, atmosphere, and physical nature of HD 72946B. Methods. We present high-contrast imaging data in the near-infrared with the Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE) instrument. We also use proper motion measurements of the star from Hipparcos and Gaia. Results. The SPHERE data reveal a point source with a contrast of ∼9 mag at a projected separation of ∼235 mas. No other point sources are detected in the field of view. By jointly fitting the RV, imaging, and proper motion data, we constrain all the orbital parameters of HD 72946B and assess a dynamical mass of 72.4±1.6 M J and a semi-major axis of 6.45 +0.08 −0.07 au. Empirical comparison of its SPHERE spectrum to template dwarfs indicates a spectral type of L5.0±1.5. The J-H3 color is close to the expectations of the DUSTY models and suggests a cloudy atmosphere. Comparison with atmospheric models of the spectrophotometry suggests an effective temperature of ∼1700 K. The bolometric luminosity (log(L/L ) = -4.11±0.10 dex) and dynamical mass of HD 72946B are more compatible with evolutionary models for an age range of ∼0.9-3 Gyr. The formation mechanism of the companion is currently unclear as the object appears slightly away from the bulk of model predictions. HD 72946B is currently the closest benchmark brown dwarf companion to a solar-type star with imaging, RV, and proper motion measurements.
Introduction
Dynamical mass measurements of brown dwarfs are a powerful test of their formation and evolution models. Most studies exploit brown dwarf binaries (e.g., Konopacky et al. 2010; Dupuy & Liu 2017; Dieterich et al. 2018) , which have likely formed by fragmentation of a collapsing cloud (e.g., Bate 2009 ). However, it is still unclear whether brown dwarfs found at close-in separations to stars form like stellar binaries or by disk gravitational instabilities (Boss 1997) . In the past years, a few radial velocity (RV) surveys started to target stars with slow drifts to constrain the orbit and minimum mass of the suspected long-period companions (e.g., Bouchy et al. 2016; Sahlmann et al. 2011; Feroz et al. 2011 ). These surveys have shown a paucity of brown dwarf companions within 5 au from the host stars with respect to planetary and stellar companions (the so-called "brown dwarf desert", see e.g., Grether & Lineweaver 2006; Sahlmann et al. 2011; Ma & Ge 2014) . Nevertheless, Ma & Ge (2014) found that their occurrence increases at larger separations when brown dwarf detections from various techniques are combined.
Using the ELODIE and SOPHIE instruments, Bouchy et al. (2016) reported a potential brown dwarf companion to the G5V star HD 72946, located at 25.87±0.08 pc (Gaia Collaboration et al. 2016 , 2018 . The RV data cover a full orbit of HD 72946B, which allowed the authors to place good constraints on its orbit (period P = 15.93 +0.15 −0.13 yr, eccentricity e = 0.495±0.006, and periastron T 0 [HJD] = 2455958±10). They derived a minimum dynamical mass of 60.4±2.2 M J and an upper mass limit of 0.2 M from the analysis of the cross-correlation function of the star.
We present in this paper the confirmation and characterization of the brown dwarf companion to HD 72946 with the Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE) instrument and Hipparcos-Gaia proper motion measurements. We present an updated analysis of the properties of the host star in Sect. 2 and the SPHERE imaging observations in Sect. 3. We perform a joint orbital fit of the imaging, RV, and astrometric data and derive a dynamical mass for HD 72946B in Sect. 4. Section 5 discusses the spectral properties of the companion. Finally, we compare the physical and spectral properties of HD 72946B to model predictions in Sect. 6. Bouchy et al. (2016) inferred from spectroscopic observations an effective temperature T eff = 5686± 40 K, a surface gravity log g = 4.50±0.06 dex, and a metallicity [Fe/H] = 0.11±0.03 dex. The supersolar metallicity has been confirmed by other studies (Aguilera-Gómez et al. 2018; Luck & Heiter 2006; Casagrande et al. 2011, 0.15±0.06, 0.16±0.04, and 0.12 dex, respectively) .
Properties of the host star
We derived the stellar age and mass from isochrones using the PARAM web interface 1 (da Silva et al. 2006) . We adopted Notes. The photometric error bars were derived assuming an error budget including the measurement uncertainties (image post-processing) and systematic uncertainties (temporal variability of the flux calibration and of the science sequence).
the spectroscopic T eff and [Fe/H] in Bouchy et al. (2016) with enlarged uncertainties to account for systematic errors. We also adopted the Gaia parallax and the V-band magnitude from Hipparcos ( (Sestito et al. 2004 ). The stellar kinematics suggest an age younger than the Sun, the UVW velocities being at the boundary of the kinematic space of young stars in Montes et al. (2001) . Comparisons with stars with similar kinematics in Casagrande et al. (2011) indicated that it is unlikely that the star is older than ∼3 Gyr and much younger than 0.5 Gyr.
We searched for archival photometric data to derive an age with gyrochronology, but we did not find suitable data (sampling, accuracy, blending with HD 72945, and/or calibration issues). Using the relations in Mamajek & Hillenbrand (2008) and an averaged measured chromospheric activity of -4.60 dex (individual values -4.54, -4.74±0.05, -4.66, and -4.47 dex, Rocha-Pinto et al. 2004; Bouchy et al. 2016; Gray et al. 2003; Boro Saikia et al. 2018) , we derive a rotation period of ∼15 d, which implies a gyrochronological age of ∼1 Gyr. This is in between the loci of the Hyades (625-700 Myr) and NGC 752 (2000 Myr). The star has X-ray data from ROSAT, but is blended with HD 72945. However, X-ray activity is expected to correlate with chromospheric activity, so that it does not provide a fully independent age estimate. Assuming our derived stellar radius and an averaged measured projected rotational activity of 4.14 km s −1 (individual values 3.23, 3.9±1, and 5.3 km s −1 , Martínez-Arnáiz et al. 2010; Bouchy et al. 2016; Luck 2017) , we derive an upper limit for the rotation period of 12 d, which implies a gyrochronological age younger than 1 Gyr considering a B − V color of 0.71 mag. Considering the large uncertainties in vsin i , the upper limit for the gyrochronological age could be as old as 1.5 Gyr. This means that our various age estimates agree overall. In the following, we choose to adopt an age range of 0.8-3 Gyr, with a most probable value of 1-2 Gyr.
Observations and data analysis
We observed HD 72946 on 2019 March 21 UT with the standard IRDIFS mode of SPHERE (Beuzit et al. 2019) , which allows for simultaneous near-IR observations with IRDIS with the H23 filter pair (Dohlen et al. 2008; Vigan et al. 2010 ) and the integral field spectrograph IFS in the Y J bands (Claudi et al. 2008 ). The seeing and coherence time measured by the differential image motion monitor at 0.5 µm were 0.5-0.7 and 6-8 ms, respec- tively. The detector integration time was set to 16 s, and 128 frames were recorded, amounting to a field rotation of 15.5 • .
An apodized pupil Lyot coronagraph (Carbillet et al. 2011; Martinez et al. 2009 ) was used. We acquired data before and after the sequence to calibrate the flux of the images and the location of the star behind the coronagraph (Langlois et al. 2013 ). Nighttime sky background frames were taken and additional daytime calibration performed following the standard procedure at ESO.
The data were reduced with the SPHERE Data Reduction and Handling software (v0.15.0, Pavlov et al. 2008 ) and custom routines for IFS data adapted from Mesa et al. (2015) and Vigan et al. (2015) . This corrected for the cosmetics and instrument distortion, registered the frames, and normalized their flux. For IFS, it also performed the wavelength calibration and extracted the image cubes. Then, the data were analyzed with angular differential imaging (Marois et al. 2006 ) using three algorithms (Appendix B): ANDROMEDA, TLOCI, and PCA. Figure 1 shows the ANDROMEDA images.
The photometry and astrometry were extracted using three algorithms, but we chose to retain the TLOCI values (Table 1). The astrometry was calibrated following Maire et al. (2016) , with pixel scales of 12.255±0.009 mas/pix (H2) and 12.251±0.009 mas/pix (H3) and a North correction angle of −1.75±0.08 • . The absolute magnitudes were computed using the 2MASS values (Cutri et al. 2003) for the stellar magnitudes.
Orbital analysis
We retrieved the RV measurements in Bouchy et al. (2016) through the VizieR interface. With only one imaging data point, there is still an ambiguity in the inclination and longitude of the ascending node. To solve for this, we also searched for an astrometric signature of the companion in the Hipparcos-Gaia catalog of accelerations (Brandt 2018 (Brandt , 2019 (Perryman et al. 1997; van Leeuwen 2007) . These values imply an astrometric detection at (20.3, 6.3)σ with Gaia and (2.1, 1.7)σ with Hipparcos. We verified that the Gaia DR2 record is well behaved, with a renormalized unit weight error below 1.4 (Lindegren et al. 2018) .
We performed a joint fit of the RV, imaging, and proper motion data with the parallel-tempered Markov chain Monte Carlo (MCMC) algorithm provided in the emcee package (Foreman-Mackey et al. 2013), which is based on the algorithm described by Earl & Deem (2005) . Our implementation follows Brandt et al. (2019a) in the broad lines. We sampled the parameter space of our 13-parameter model assuming 15 temperatures for the chains and 100 walkers. The first 8 parameters are the semimajor axis a, the eccentricity e and argument of periastron passage ω (parameterized as √ e cos ω and √ e sin ω), the inclination i, the longitude of the ascending node Ω, the time at periastron passage T 0 , the RV semi-amplitude of the star κ A , and the systemic velocity γ. We present the results for Ω and ω as relative to the companion. To fit the imaging and proper motion data, we used the equations in Appendix A of Makarov & Kaplan (2005) .
The initial state of the sampler was set assuming uniform priors in log a, √ e cos ω, √ e sin ω, Ω, T 0 , and κ A , as well as a sin i prior for i. The width of the priors were selected from the results in Bouchy et al. (2016) and a fit to the RV and imaging data with a least-squares Monte Carlo approach (Maire et al. 2015; Schlieder et al. 2016 ) to derive first ranges for i and Ω. We disentangled the two (i,Ω) solutions by comparing the predictions for the instantaneous stellar proper motions to the measurements.
The next two parameters in our model are the parallax and the semi-major axis of the orbit of the host star around the center of mass of the system. For the parallax, we drew the initial guesses around the nominal value measured by Gaia assuming a combination of a Gaussian distribution for the measurement uncertainties and a uniform distribution for potential systematics (<0.1 mas, https://www.cosmos.esa.int/web/gaia/ dr2). We drew the semi-major axis of the star around a guess value computed from its mass (0.99 M ), the companion mass (0.07 M ), and the total semi-major axis, assuming a uniform distribution with a half-width of 1.5 mas. The last free model parameters are one RV offset and two RV jitters, using the results in Bouchy et al. (2016) as first guesses.
We ran the MCMC for 125 000 iterations and verified the convergence of the chains using the integrated autocorrelation time (Foreman-Mackey et al. 2013; Goodman & Weare 2010) . The posterior distributions in Appendix C were obtained after thinning the chains by a factor 100 to mitigate the correlations and discarding the first 75% of the chains as the burn-in phase.
The median values with 1σ uncertainties and the best-fit values of the parameters are given in Table 2 . The uncertainties in the parameters in common with Bouchy et al. (2016) are slightly larger or similar. A sample of model orbits is shown in Fig. 2 . We note that the proper motion anomaly measured by Hipparcos in RA is different by ∼2σ from the orbital predictions, whereas the measurement in DEC is well reproduced within the uncertainties. The Hipparcos and Gaia data affect the derived Article number, page 3 of 10 A&A proofs: manuscript no. ms orbital parameters and dynamical mass within the uncertainties with respect to a fit that only uses the RV and imaging data, except for breaking the ambiguity in the inclination and longitude of ascending node.
Spectral analysis
We used the IRDIS dual-band photometry of the companion to compute the color-magnitude diagram in Appendix D (details from Appendix C of Bonnefoy et al. 2018) . We note that HD 72946B is located near mid-L template dwarfs and is close to HIP 65426b (Chauvin et al. 2017) . We compared the IFS spectrum to spectra of template dwarfs of the SpeX spectral library using the SPLAT toolkit (Burgasser 2014) . Figure 3 shows the reduced χ 2 as a function of the spectral type. We include the uncertainties of the template spectra in the χ 2 computation. The best-fit object is the red L dwarf 2MASS J03552337+1133437 (Bardalez Gagliuffi et al. 2014) (reduced χ 2 = 0.89, assuming 38 degrees of freedom), which is classified as L5γ by Cruz et al. (2009) . From a parabolic fit to the χ 2 values, we estimate a spectral type of L5.0±1.5 considering all spectral types that satisfy χ 2 <χ 2 min +1. To fit the spectrophotometry of HD 72946B with atmospheric models, we converted the contrast measurements into physical fluxes using a model spectrum for the star (T eff = 5600 K, log g = 4.5 dex, and [Fe/H] = 0.0 dex) from the BT-NextGen library (Allard et al. 2012 ) and the SPHERE filter transmission curves. The BT-NextGen spectrum is fit to the stellar spectral energy distribution (SED) over the range 0.3-12 µm using the Virtual Observatory SED Analyzer (Bayo et al. 2008) . The stellar SED is built using data from Tycho (Høg et al. 2000) , 2MASS (Cutri et al. 2003) , WISE (Cutri & et al. 2013) , and IRAS (Helou & Walker 1988) , as well as Johnson photometry (Mermilliod 2006) and Strömgren photometry (Paunzen 2015).
We show in Fig. 4 the resulting SED of HD 72946B. We performed a grid search for best-fit models in the BT-Settl spectral library (Allard et al. 2011) . The characteristics of the grid are T eff = 700-2500 K by steps of 100 K, log g = 3.5-5.5 dex by steps of 0.5 dex, and [Fe/H] = 0.0 dex. We allowed the radius to vary and kept solutions with radii in the range 0.7-1.1 R J . We show the four best-match model spectra in Fig. 4 . An effective temperature of ∼1700 K provides a good match to the data, which is in the range expected from evolutionary models for an age of ∼1-3 Gyr given the dynamical mass. It also agrees with a spectral type of L5 from the relation for field dwarfs in Filippazzo et al. (2015) (left panel of their Fig. 15 ). 5 . Bolometric luminosity vs. age of HD 72946B (gray area) compared to evolutionary tracks from the models COND (Baraffe et al. 2003) , Saumon & Marley (2008) (for two treatments of the clouds), Burrows et al. (1997) , and Baraffe et al. (2015) assuming the mass range for the companion from the orbital fit (data points). Small horizontal offsets are applied to all models except for COND for clarity.
Discussion
HD 72946B joins the short list of benchmark brown dwarf companions to stars with RV and imaging measurements: HR 7672B (Liu et al. 2002; Crepp et al. 2012 ), HD 19467B (Crepp et al. 2014 , HD 4747B (Sahlmann et al. 2011; Crepp et al. 2016; Peretti et al. 2018) , GJ 758B (Thalmann et al. 2009; Bowler et al. 2018) , HD 4113C (Cheetham et al. 2018b) , and GJ 229B (Nakajima et al. 1995; Brandt et al. 2019b) . HD 72946B stands out among these objects because a complete orbit is covered by RV and it has the smallest physical separation to the star, ∼6.4-6.5 au. This is slightly outside the ice line for a Sun-like star.
To evaluate a possible formation mechanism for HD 72946B, we compared its mass (or mass ratio to the star) and separation to model objects formed by fragmentation of a collapsing cloud in Bate (2009) (Fig. 21) or by disk gravitational instabilities in Forgan & Rice (2013) and Vigan et al. (2017) (left panel of Fig. Figure 5 shows the estimated bolometric luminosity and age of HD 72946B with the predictions from the models COND (Baraffe et al. 2003) , Saumon & Marley (2008) (for two treatments of the clouds, hybrid and no clouds), Burrows et al. (1997) , and Baraffe et al. (2015) assuming the 95.4% confidence interval for the companion mass from the orbital fit (72.4±3.2 M J ). We estimate the bolometric luminosity to be log(L/L ) = -4.11±0.10 dex using the magnitudebolometric luminosity relation in Filippazzo et al. (2015) for field dwarfs and the J s magnitude computed from the IFS spectrum (15.44±0.13 mag) with a correction of 0.05 dex between the J s and J bands estimated using SpeX spectra of the three best-fit template dwarfs. The J-H3 color of the companion (1.08±0.08 mag) is consistent with expectations from mid-L field dwarfs (Cheetham et al. 2019) and is closer to the color predicted given the mass and age of the companion by the DUSTY model (cloudy atmosphere, Chabrier et al. 2000, J-H3>1 mag) than to the color predicted by the COND model (cloudless atmosphere, J-H3<0.8 mag) 2 . This suggests a cloudy atmosphere. For ages younger than 800 Myr, HD 72946B is fainter than the predictions of all evolutionary models. At 1 Gyr, the companion properties are best reproduced by the hybrid cloud model of Saumon & Marley (2008) and Burrows et al. (1997) . At 2 Gyr, the best-match models are COND and the cloudless model of Saumon & Marley (2008) , and Baraffe et al. (2015) . At 3 Gyr, the models of Baraffe et al. (2015) account better for the companion properties. Observations to better constrain the stellar age with gyrochronology may allow a better distinction between the models.
The characterization of HD 72946B clearly illustrates the improvements in the high-contrast imaging instrumentation toward bridging the gap in separation to the star with RV and astrometry. The combination of these data provides stronger constraints on the properties of substellar companions than can be reached with one technique alone. This allows testing their massluminosity models. The SPHERE data are sensitive to low-mass brown dwarfs down to ∼30 M J at separations as close as 0.2 (Appendix E). The next generation of high-contrast imaging instruments on extremely large telescopes will enable extending analyses like this to the bulk of substellar companions that are detected with RV at closer separations and at lower masses down to the planetary regime and building empirical mass-luminosity relations for exoplanets. The future release of the Gaia epoch astrometry will permit more accurate measurements of proper motion anomalies. This will improve dynamical mass estimates and provide new targets for this purpose.
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We tested both ANDROMEDA and TLOCI SED for the atmospheric fitting. We experienced convergence problems when fitting the ANDROMEDA SED, and we chose the TLOCI SED for the analysis shown in this paper. We did not notice any significant discrepancies in the extracted astrometry, but we chose to use the TLOCI astrometry for consistency. April 4 UT in the H band. The data were presented in the first statistical analysis of the GPIES survey (Nielsen et al. 2019, target name: HR 3395) . The target was observed for an integration time of 32.8 min, which amounts to a field rotation of 19.5 • .
We retrieved the data from the Gemini archive and reduced them with the GPI data reduction pipeline v1.4.0 (Perrin et al. 2014 (Perrin et al. , 2016 , which applies an automatic correction for the North offset of −1.00±0.03 • measured by Konopacky et al. (2014) . Then, we post-processed them using ANDROMEDA. No point source is detected above 5σ. We show in Fig. F.1 the detection limits obtained for a T5 dwarf template spectrum. We assumed an age of 2 Gyr, a distance of 26.3 pc from the Gaia DR2 parallax, and the models of Baraffe et al. (2003 Baraffe et al. ( , 2015 . For the stellar magnitude, we used the 2MASS value, although we note that it is affected by saturation. We included the small sample statistics correction. We cut the curves to separation larger than 0.15 because we were unable to find GPI coronagraphic transmission curves. 
